The plaquing characteristics of a comprehensive range of influenza viruses in epithelial cell cultures of bovine and specific-pathogen-free chicken kidney are described. All type B viruses produced standard large plaques with high efficiency in bovine kidney cell cultures. They also plaqued in chicken kidney, but morphology was more varied and efficiency was slightly reduced. By comparison, the behaviour of a range of influenza A viruses was heterogeneous. Five out of I6 viruses failed to plaque in calf kidney cell cultures and the plaque morphology of the remainder varied with individual isolates and not with serotypes. E.o.p. was variable. Results in chicken kidney cell cultures were better and there were relatively fewer non-plaque-formers. Influenza A recombinants generally behaved like other influenza A viruses and it was concluded that plaquing capacity was genetically determined.
INTRODUCTION
The plaquing of influenza viruses has long been an intractable problem. Many virologists have either entirely failed to achieve it, or have found that their work was not reproducible elsewhere. Presumably, undefined factors in virus strains or in culture media exert profound effects on the e.o.p, of most influenza viruses. For this reason, academic research has been largely concentrated on fowl plague virus and WSN, which reliably produce plaques with high efficiency in chicken embryo fibroblasts. Geneticists have, however, continued to be hampered by the lack of a plaquing technique for producing recombinants from particular serotypes, and especially for selecting vaccine strains against new epidemiological variants (Kilbourne, I969; McCahon & Schild, I972; Murphy et al. r972 ). Recently we have experimented with primary calf kidney cells (Beare & Keast, r971) , because of their comparative freedom from adventitious viruses. Since no virologist has ever been able to study the plaquing of influenza viruses in more than one type of cell, we have now extended our observations to a wide range of influenza A and B viruses in monolayer cultures of bovine and chicken kidney cells in order to obtain a better understanding of the subject and to provide a range of viruses with defined plaquing characteristics for experimental and practical use.
METHODS
Viruses. Influenza viruses used in the study are shown in Tables I, 3 and 4. Most of them had been supplied as freeze-dried material by the World Influenza Centre, London, and had been propagated in Salisbury in to-to r r-day embryonated hens' eggs. A/Okuda [57 a.s. BEARE AND K. A. KEAST and B/Setagaya/3/56 (Table I) were live vaccine strains provided by Professor Y. Okuno of Osaka, Japan (Okuno & Nakamura, I966) .
Recombinant strains are shown in Tables 2 and 5 . X-I5 and X-3I had initially been prepared by Dr E. D. Kilbourne, New York (Kilbourne, I968, I969 Plaquing techniques. Methods used in the growth of cultures of calf kidney cells and in the plaquing of influenza B viruses have been described previously (Beare & Keast, 197I ) . Those used in the plaquing of influenza A viruses were identical. Briefly, dispersed cells from kidneys of I to 7 day calves were inoculated into 50 mm plastic Petri dishes (5 ml/dish, 70oooo cells/ml) and grown for 7 days at 37 °C in Eagle's basal medium with IO ~ ox serum. When the cells had become confluent, they were washed and inoculated with I.O ml vol. of serial Io-fold virus dilutions, 4 plates per dilution. The virus was adsorbed at room temperature for 60 min on a rotating shaker. Overlay medium consisted of L r 5 (Leibovitz, ~963) in o.75 ~ agarose (final concentration). After 5 days' incubation at 33 °C, cells were fixed and briefly stained with dilute methyl violet in alcohol to outline plaque morphology. When plaques were selected for cloning, cells were not fixed but 3 ml of a second overlay, similar to the first but containing in addition o'oo4 ~ neutral red, was superimposed on the first overlay and the plates were reincubated for a further 24 h.
Monolayer cultures of chicken kidney cells were grown by similar methods. Three-to 4-day specific-pathogen-free (s.p.f.) chickens were anaesthetized with ether, kidneys were removed by the abdominal route and were chopped with scalpels and trypsinized for 7 rain at 37 °C and for 8 min at room temperature. Usually about 6 plates were obtained from a pair of kidneys. Growth and overlay media were as for calf kidney cell cultures except that foetal calf serum was used in the growth medium in place of ox serum. Confluent monolayers were, however, obtained more quickly and appeared in 3 to 4 days.
Titrations in embryonated eggs. Serial Io-fold virus dilutions were inoculated into the allantoic cavities of four I x-day embryonated hens' eggs which were incubated at 33 °C for 4 o to 48 h. Harvested allantoic fluids were tested for virus agglutinin with o'5 ~ fowl red blood cells. Titres were expressed in 5o ~ egg-infecting doses (EIDs0) per ml.
RESULTS
The viruses shown in the tables are arranged in chronological order of isolation for ease of reference. While many influenza A viruses formed plaques in bovine kidney, the results were variable and p.f.u./ml never equalled EIDs0/ml (Table I) . Of a total of I6 type A strains listed, 5 failed to produce any plaques at all, while the remainder did so with variable efficiency. Although a number of avian influenza viruses readily produce plaques in chicken 
The following abbreviations are used in the tables: BK passages in bovine kidney tissue culture E egg passages E+ + numerous unrecorded egg passages HU passages in man MK passages in monkey kidney tissue culture X unknown passage history showed similar behaviour, the pinpoint plaques of the latter being dissimilar from the small clear plaques of the former. The prototype Asian strain, A/Singapore/~/57, failed to produce any plaques while its live vaccine relative, A/Okuda/57, yielded plaques of about 5 mm in diam. In general, influenza A virus plaques were of two kinds, large or small (Fig. I) . A/swine/Iowa/I5/3o, A/PR/8/34, A/England/x/53 and A/Okuda/57 belonged to the first group, while the remaining plaque producers belonged to the second. These plaques had a diam. of I to 2 mm. There were, however, many individual variations.
Results obtained with influenza B viruses in bovine kidney were quite different. In a previous paper (Beare & Keast, 1970 , we showed that a mixed collection of influenza B viruses plaqued with high efficiency, and that all produced standard large plaques of about 5 mm diam. The plaquing characteristics of an additional six viruses are now shown in Table I . Not a single influenza B virus that we tested failed to conform to this pattern, and deliberate efforts to find non-plaque-formers for genetic crosses were unavailing.
Clearly, the highest potential value of an influenza virus plaquing system lies in its use for the selection and cloning of recombinants (Table 2 ). In calf kidney the plaquing characteristics would, to some extent at least, be anticipated from those of their parents Clone ts-2 (C) X BK7 4"6* 4"3 Clone ts-I (E) X EI 6.8 Not done * After a single egg passage, EIDso was raised to 7.2.
parents. This was not, however, true of the A/PR/8/34-England/42/72 recombinants which closely resembled the A/England]42]72 parent, and the same applied to the A/Okuda/57-England/42/72 recombinants, none of which inherited the plaquing morphology of A/Okuda/57. Two ' r e c o m b i n a n t s ' styled W R L 3 and W R L 4 r (not shown in the Table) did reproduce this morphology but they also possessed the Okuda envelope antigens and were probably not recombinants at all (D. McCahon, personal communication). However, the American recombinants ts-z(C) and ts-I (E) derived from the large plaque-former, A/Great Lakes/65, and the non-plaque-former A/Aichi/2/68, possessed the plaquing characteristics of the first parent and the surface antigens of the second. The significance of this observation, however, lay only in the different methods used in the isolation of the British and American recombinants. The former were selected without the aid of plaques (McCahon & Schild, ~972) , while the latter were identified by the screening of large plaques in calf kidney cell monolayers following double infection with the parent viruses. The plaquing efficiency of influenza A recombinants was basically similar to that of the naturally occurring influenza A viruses (Table I) . Chicken kidney cells have now been used by many virologists for a number of years (Maassab, I959, I968) . By growing cells in I99 medium and calf serum Maassab obtained sheets of fibroblasts in which most influenza viruses produced small plaques, but these were not individually distinguishable (H. F. Maassab, personal communication). We could not, however, reproduce the technique in our laboratory, since ~99 and calf serum failed to support any growth of chicken kidney cells, while Eagle's medium and foetal calf serum produced cells which were predominantly epithelial in character. Our plaquing results were also different. In general, they resembled those obtained in calf kidney cell cultures but with some striking distinctions. Influenza A viruses now plaqued somewhat better (Table 3 )-Two out of I ~ strains failed to give plaques as compared with 5 out of I6 in calf kidney cell cultures, and the plaquing of the most recent human serotype, A/England/ 42/72, was appreciably improved. Once again, it was noticeable that closely related strains were clearly different in their plaquing characteristics. A/Okuda/57 produced large plaques and the prototype Asian virus, A[Singapore/~[57, none at all, and, as in calf kidney cell cultures, plaque types were large or small (Fig. 2) . As for the influenza B viruses, they again demonstrated their superiority over influenza A viruses as plaque producers (Table 4) . None of the strains tested failed to yield plaques, and most did so with tolerable efficiency. However, p.f.u./ml were now consistently lower than EIDs0/ml and there was considerable strain variation. In addition, plaque morphology was no longer uniform (Fig. 2) and about half the viruses produced large plaques while the remainder produced small plaques.
To complete the study, a selection of the recombinants was also inoculated into chick kidney cell monolayers. Their e.o.p., like that of the naturally occurring A strains, was superior to that in calf kidney cell cultures (Table 5 )-Again there were recognizable affinities in plaque morphology between the recombinants and their parents but not in the same directions. MRC 2 was similar to its A/PR/8/34 parent, and the plaquing character- 9"6 8'9 8"8 6"0 9 .2 7'5 9"3 7'0 8"5 6"9 9"0 7"8 9"7 6'9 9"2 6"r 9"5 6"0 9"2 6'7 8"I 6"8 istics of A/Okuda/57 were again discernible in WRL 3 and WRL 41 as they had been in calf kidney cell cultures. The staining technique with methyl violet was used for ease of counting and measurement and also to give a semi-permanent preparation for demonstration and photography. However, vital staining with neutral red was always suitable, and, in calf kidney cell cultures, influenza B plaques were visible without stain. Hence, there was no problem about the cloning of viruses. Numerous experiments in both bovine and chicken kidney cell cultures also indicated that the relationship between plaque number and virus concentration was always linear.
DISCUSSION
In a previous paper in which we described the unexpectedly efficient plaquing of influenza B viruses in calf kidney cell cultures (Beare & Keast, I97t) we said that the species of cell chosen might be unimportant, since a single influenza B strain taken at random plaqued equally well in human kidney cell cultures. This assumption was clearly incorrect. For experimental purposes at least, bovine kidney is the tissue of choice for influenza B viruses and the results we have obtained seem to suggest a degree of homogeneity among them that does not exist among the influenza A viruses. In nature, influenza B viruses are found in man alone and can be distinguished from each other only by the serological specificity of their haemagglutinins and neuraminidases in which continuous but gradual changes take place through the process known as antigenic drift. In the influenza A strains, such gradual changes are regularly (though infrequently) punctuated by abrupt changes leading to the formation of new subtypes. However, influenza A viruses in general are chemically, genetically and biologically similar, and the World Health Organization 0970 classification separates them only by the nature of their surface antigens and by the animal species in which they originated. We can add to that that they can also be distinguished by the types of plaques they produce or by their ability to produce plaques at all. These plaquing differences are apparently highly characteristic of individual virus isolates and take little account of subtype groupings. The property is a genetic one and is transmitted to succeeding virus generations, but its underlying mechanism is unknown, and it is not known why certain strains of fowl plague virus or the WSN strain of influenza A virus plaque better than other type A strains. It is possible that the many conflicting reports about the plaquing of influenza viruses are due to the use of cells of fibroblastic or epithelial morphology. 
